Summary: The postnatal growth of the maxillary sinus was analyzed in 20 male and 20 female skulls of orang-utan (Pongo satyrus borneensis) in 5 age steps. Coronal CT scans were carried out of all skulls using a computed tomograph Siemens SOMATOM DR. The distances between the CT scans were always 4 mm. The outline of the maxillary sinus was surrounded on the CT scans with a planimeter and then the volumes were calculated. Using a growth model introduced by Fanghariel (1974), growth functions for the volume measurements for male anf female animals were calculated separately. The growth curves showed a particular course, which was characterized by a quick rise until the age of 15 years. After the age of 20 years the curves for females orang-utan became gradually flat. At the age of 21 to 23 years the confidence intervals of the growth curves for male and female orang-utan began to drift apart, indicating the appearance of a sexual dimorphism. Using the basicranial length as an indicator of skull size, it becomes evident, that the sexual difference in the maxillary sinus' volume is probably based on the fact, that the maxillary sinus' volume of the male orang-utan increases further on following a common growth pattern.
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The maxillary sinus, which is considered as a primitive eutherian feature (Moore, 1981) , shows within the hominoids a considerable enlargement (Wegner, 1936; Cave and Haines, 1940; Andrews and Martin, 1987) . Although the paranasal sinuses have been investigated intensively by clinicians as well as by morphologists for a long time, the functional or adaptive significance of the paranasal sinuses is still uncertain (Novacek, 1993) .
Reviewing the literature concerning the paranasal sinuses in hominoids it becomes evident, that only few authors (e.g. Paulli, 1900; Wegner, 1936; 19551 56; Cave and Haines 1940; Blaney, 1986; Lund, 1988; Koppe and Schumacher, 1992) have dealt with the paranasal sinus' morphology of the great apes so far. However, the postnatal growth pattern of the paranasal sinuses in the great apes is almost neglected in the literature.
The present cross-sectional study was undertaken to investigate the pattern of pneumatization of the maxillary sinus in a subspecies of orang-utan to provide comparative data for further investigations in other nonhuman primates.
Material and Methods
Forty skulls of the subspecies of orang-utan, Pongo satyrus borneensis (VON WURMB, 1784) of both sexes were analyzed (Tab. 1). The skulls were divided into five age groups according to ROhrer-Ertl (1989): infant I = 0 -3.9 a (6 animals); infant II 4 -7.9 a (6 animals); juvenile = 8 -11.9 a (6 animals), adult = 12 -19.9 a (12 animals) and mature 20 -49.9 a (10 animals). All skulls used in this study belong to the Zoologische Staatssammlung, Munchen and were collected in the field (ROhrer-Ertl, 1984).
The skulls were examined using a computed torn-°g raph SOMATOM DR (Siemens) at the Department of Radiology, University of Miinchen. All skulls were scanned at the coronal plane from anterior to posterior. The distances between the CT scans amounted to 4 mm. The images were obtained using a 5-second scan time, 125 KV and 0.35 mAs. All following measurements were taken on X-ray films using a window setting of 2000 and a level of -300.
On the CT scans the outlines of the maxillary sinus were surrounded with a planimeter. The corresponding areas were measured and the volume of the right (V1) and the left maxillary sinus (V2) was calculated (Tab. 1). To describe the growth pattern of the maxillary sinus volume, homologous linear differential equations of second order (Fanghanel, 1974) as well as their corresponding confidence intervals were calculated, separately for male and female animals. A divergence of the confidence intervals of the growth curves of male and female skulls was understood as the appearance of a sexual dimorphism.
To analyse, whether or not the sexual dimorphism of the maxillary sinus depends on the skull size, a simple linear regression analysis (p < 0.05) was performed between the basicranial length (basionnasion) as independent variable and the volume of the maxillary sinus as dependent variable. The basicranial length was chosen, because it is considered as a reasonable indicator of skull size (Leutenegger and Masterson, 1989b; Ravosa and Ross, 1994) . The differences between the slope of the regression lines of male and female samples were tested using the two-tailed t test (p < 0.05).
Results
The maxillary sinus became visible in the samples of the age steps infant I and II only at the level of the orbital entrance (Fig. 1) . From the juvenile age step on, a frontal recess was observed, which especially in the adult and mature age steps reached far into the interorbital septum (Fig. 1d) . The maxillary sinus of adult orang-utans showed not only a frontal recess but also an alveolar recess and a zygomatic recess (Fig. 1) . In addition there was in some animals a palatinal sinus, which was connected with the actual maxillary sinus in the molar region.
The maxillary sinus in adult samples pneumatized the maxillary bone in anterior direction until the level of the second upper premolar and in some animals also until the first upper premolar. Based on examining the coronal CT scans, the maxillary sinus reached its highest spacial extension at the level of the orbital entrance. The maxillary sinus in adult orang-utans was not restricted to the boundaries of the maxillary bone (Fig. 1d) . It invaded also some parts of the zygomatic bone and reached posterior the sphenoidal sinus. In orang-utans of the age steps adult and mature, the sinus floor dropped into the furcation of the molar roots (Fig. 2) . However, there were also skulls with a sinus floor clearly seen above the level of the molar root apices (Fig. 1c) . Table 1 The highest increase of the curve lines were noticed until the age of about 15 years (Fig. 3) . After 20 years of life, the growth curves for female animals showed a decline. At the age of 21 to 23 years the confidence intervals of the growth curves began to separate, a fact, which was interpreted as an appearing sexual dimorphism. The correlation coefficients were relatively high, showing values of 0.85 to 0.91.
The regression analysis based on the log-transformed data revealed highly correlated relations between the maxillary sinus' volume and the basicranial length of both female and male skulls. The corresponding scatterdiagrams (Fig. 4) suggested, that the maxillary sinus of male skulls grow according to a common growth pattern. Apart from that, there was no significant difference between the slope of the regression lines of male and female orang-utans (Tab. 2).
Discussion
The evaluation of the CT scans in the present study confirms previous reports on the orang-utan maxillary sinus by Wegner (1936; 1955/56 ) and Cave and Haines (1940). Wegner (1955/56) recognizes the frontal recess of the maxillary sinus in orang-utan as a true frontal sinus. Although the frontal extension of the maxillary sinus in orang-utan may pneumatize a great part of the interorbital region, it has been demonstrated in previous analyses (Cave and Haines, 1940; Blaney, 1986; Koppe and Schumacher, 1992) that the orang-utan is the only great ape, which has no true frontal sinus.
Considering the enormous extent of pneumatization in the great apes, which may invade considerable parts of neighboring bones, it is interesting to note, that the contour of the floor of the maxillary sinus is quite variable. The findings, that in some adult and mature skulls of orang-utan, the alveolar recess of the maxillary sinus does not advance to the roots of the molars or premolars is a fact, which is not only known for modern human populations (McGowan et al., 1993) but also for Miocene hominiods and Pliocene hominids (Ward and Pilbeam, 1983) . Notwithstanding that the hominoids share enlarged paranasal sinuses (Andrews and Martin, 1987) , the arrangement of the floor of the maxillary sinus, as a characteristic feature of the hominoids, seems to be somewhat questionable. There are numerous discussions, which biomathematical model is appropriate to describe morphological changes during growth. Because nonlinear functions are most suitable to describe growth as a function of age (German et al., 1994) , the biomathematical model introduced by Fanghanel (1974) was applied to the data. The advantage of this model consists in the fact, that it describes growth as a dynamic process (Brehmer and Beleites, 1988; Schumacher et al. , 1991; Koppe et al. , 1994) . In this study the slope of the growth curves for both male and female animals were similar until the age of 15 years (Fig. 3) . Although female orang-utans become sexually mature already at the age of about 7 years (Leutenegger and Masterson, 1989a) , the growth curves of the maxillary sinus' volume for female animals reached a final plateau not before the age of 21 to 23 years. Leutenegger and Masterson (1989a) demonstrated, that male orang-utans, who become sexually mature nearly one year later then female orang-utans, continue to grow in linear dimensions and body mass until the age of 13 to 15 years. The present study, however, did not show any evidence for an obvious decline of the growth curve of the maxillary sinus' volume for male orang-utan after 15 years of age (Fig. 3) .
There is a general agreement about a certain amount of sexual dimorphism in the paranasal sinuses of humans (Scharch, 1906; Schaeffer, 1910; Zwirner, 1924; Szilvassay, 1974; Nowak and Mehlis, 1975; Penev et al., 1981) and African great apes (Blaney, 1986) , although the results of these studies are contradictory in whether male or female exhibit bigger sinuses. The present study revealed, that male mature orang-utans have significant bigger maxillary sinuses than female mature orang-utans. The sexual dimorphism in the maxillary sinus' volume develops, however, obviously later then in most other external and internal characteristics of the skull. Leutenegger and Masterson (1989a,b) have demonstrated, that already at dental age 5, showing erupting caninus and third upper molar, male orang-utans are signifi- cant larger in all dimensions of the skull, except the interorbital width. The result of the regression analysis indicated, that the maxillary sinus of male and female orangutans grow following a common growth pattern (Fig.  4) . Thus, the sexual dimorphism in the maxillary sinus is caused probably by the fact, that males are growing for longer time than females. According to Leutenegger and Masterson (1989b) , such a growth pattern is seen in cranial proportions associated with brain size, orbital region, and dental arcade. In contrast to this, cranial regions associated with secondary sexual character development, such as the degree of prognathism, show a different growth pattern for male and female animals (Leutenegger and Masterson, 1989b) .
Considering the various theories about the function of the paranasal sinuses which are summarized by Blanton and Biggs (1969) and recently discussed by Blaney (1986; 1990) , the results of the present study, first of all, support a structural role of the maxillary sinus associated with the architecture of the skull. However, the skull is a complex structure and involved in numerous biological roles such as brain protection, food gathering or maintenance of respiratory flow (Russel and Thomason, 1993). Thus, for the evaluation of this 'structural role' (Blaney, 1986 ) of the paranasal sinuses it is necessary for further research to investigate the relationship of the paranasal sinuses to different components of the skull such as the palatal, maxillary, premaxillary, oronasal and orbital components (Mooney et al., 1989 ). This approach is All results were significant at p < 0.0001, VI -right maxillary sinus, V2 -left maxillary sinus. ns not significant . advisable, since according to recent investigations, the significance of the paranasal sinuses as simple craniofacial architecture related structures seems to be somewhat questionable. Francis et al. (1990) and Oktay (1992) have shown, that in humans neither cleft lip and palates nor orthodontic malocclusion affect the size of the maxillary sinus.
